INTRODUCTION
Most ofthe epithelia that are in contact with hostile environments need protection. In many of them this protection is effected by the secretion of a mucus gel, also called mucus. Mucus forms a barrier not only to protect epithelial cells but also to select substances for binding, interactions and uptake of these cells. Mucins are macromolecular glycoconjugates responsible for the viscoelastic properties of mucus.
Secretory mucins are produced by numerous organs: eyes, pancreatic ducts, gallbladder, prostate and mainly, respiratory, gastrointestinal and female reproductive tracts. Hence, various and important physiological functions are assumed by these molecules such as: protection from pathogenic microorganisms, desiccation, maintenance of low or high pH, proteolytic enzyme digestion and mechanical or chemical damages.
The association between mucins and malignancy has been well described. Increased synthesis of the protein core and alterations in the carbohydrate content attached to the peptide are believed to have some functions related to the proliferation of tumour cells [1] . So, identification of the different mucin genes in humans has important applications in cancer research.
So far, nine families of cDNAs encoding human mucins have been cloned from breast tumour cells (MUCI) [2, 3, 4] jejunum mucosa as well as tracheobronchial mucosa (MUC2) [5, 6, 7] , jejunum mucosa (MUC3) [8] , tracheobronchial mucosa (MUC4, 5A, 5B, 5C) [9, 10] , stomach (MUC6) [11] and submandibular gland (MUC7) [12] .
(JER62, JUL32, MAR2, MARIO and MARl 1) cDNAs of the so-called MUC5AC gene are presented and analysed. The data show that in this mucin gene, the tandem repeat domain is interrupted several times with a subdomain encoding a 130 amino acid cysteine-rich peptide in which the TR3A and TR3B peptides previously isolated by Rose et al. [Rose, Kaufman and Martin (1989) J. Biol. Chem., 264, 8193-8199] from airway mucins are found. A consensus peptide sequence for these subdomains involving invariant positions ofmost of the cysteines is proposed. The consensus nucleotide sequence of this subdomain is also found in the MUC2 gene and in the MUC5B gene, two other mucin genes mapped to lp 15. The functional significance for secreted mucins ofthese cysteine-rich subdomains and the modular organization of mucin peptides are discussed.
In situ hybridization techniques allowed the localization of these different mucin cDNAs on several chromosomes: lq21-24 (MUC1) [I3], 3q29 (MUC4) [14] , 7q22 (MUC3) [15] , 4 (MUC7) and finally llpl5.3-15.5 (MUC2, 5A, 5B, 5C, 6) [16, 17] . So it appears that the Ilpl5 region may contain several distinct gene loci for mucins. A common number, 5, was used to designate three distinct airway mucin cDNA families that were previously described in our laboratory because all were mapped to lp 15. But, in fact, we had no precise information on the number of genes they represented. In this paper we describe physical mapping of MUC5A and MUC5C, and structural features of deduced peptide sequences of these cDNAs are studied. The results show that MUC5A and MUC5C belong to the same unique gene while MUC5B belongs to a distinct one. The MUC5AC gene, which is mainly expressed in gastric and tracheobronchial mucosae, exhibits two kinds of deduced peptide domains: 8 amino acid tandemly repeated domains (consensus peptide TTSTTSAP) and cysteine-rich domains. The organization of these cysteine-rich domains is discussed.
EXPERIMENTAL
Polyclonal antiserum raised against tracheobronchial apomucins Tracheobronchial mucins from human bronchial sputum were prepared and purified as in [10, 18] . An antigenic mixture made of a pool of deglycosylated peptides allowed the preparation of an anti-airway apomucin antiserum [10, 19] . Construction and screening of a human EMBL4 library Genomic DNA from human leucocytes was partially digested with Sau3A. Fragments (20 kb) were purified by sucrose-gradient centrifugation and cloned into BamHI sites of EMBL4 phage vector. The recombinants were packaged into phages by using the packaging kit from Stratagene. The library contained 8 x 105 recombinants before amplification. Screening of the library was performed with the JER58 probe. One positive clone, CEL 2, was isolated and studied.
Sequencing
Sequencing was performed after subcloning in pKS vector. Both strands were sequenced for each clone. Exonuclease III was used to create deletions for sequencing of the inner regions of the subcloned inserts. Sequencing was performed using the dideoxynucleotide chain termination method using a Sequenase kit, version 2.0 (United States Biochemical Co.) and [a-35S]-dATP. Analysis ofnucleic acid and protein sequence data was performed by using PC/Gene Software.
Southern-blot analysis
Human genomic DNA was prepared from lymphocytes by SDS-proteinase K digestion and phenol-chloroform extraction. DNA was cut with EcoRI, BamHI, HindlIl, XbaI and PstI. Fragments were separated by electrophoresis in phosphate buffer through 1 % agarose gel and transferred to nylon N+ membrane (Amersham Corp.) by capillary blotting. Probes were labelled with [a-32P]dCTP by random priming (Boehringer Mannheim). Hybridization was performed at 65°C overnight in a 6 x SSC (1 x SSC = 150 mM NaCl/15 mM sodium citrate, pH 7)/ 5 x Denhardt's solution/0.5 % SDS/250 jug/ml sheared herring sperm DNA/10% dextran sulphate buffer. Washings were carried out at 65°C in 0.1 x SSC/0.1 % SDS buffer for 30 min, three times.
Pulse-field gel electrophoresis (PFGE)
For PFGE analysis, the source of human DNA was the K562 cell line (ATCC CCL 243) and lymphocytes prepared from fresh blood collected from three volunteers. For each donor, 20 
PCR
Thermal amplification of DNA was performed using apparatus from Perkin-Elmer Cetus and Taq polymerase was from Boehringer Mannheim.
Oligonucleotides for the JER47 cysteine-rich domain were: NAU48 (Tm = 66°C): 5'-GGG AAT TCC CAC GGC GGG-GAC AAG GAA A-3' (+strand) and NAU49 (Tm = 68°C): 5'-GGG AAT TCC CCT GCT GGT CCT GGT TCC G-3' (-strand).
Oligonucleotides for JER32 were: NAU50 (Tm = 62°C): 5'-GGG AAT TCC TCC CAC CCA TCT GCT ACA A-3' (+ strand) and NAU51 (Tm = 64°C): 5'-GGG AAT TCT GTG-GTG AAG GTG GTC TGG G-3' (-strand).
RESULTS
Isolation and sequencing of tracheobronchial and gastric mucin cONAs from MUC5A and 5C families As previously described, we screened a Agtl 1 cDNA library from a human tracheobronchial mucosa; 20 positive clones were characterized as partial mucin cDNAs [10] . Some of them were located on chromosome lIp 15 and have been partially described elsewhere [21] . This group of tracheobronchial mucin cDNAs was heterogeneous and divided into three families according to distinctive structural features.
Clones from the MUC5B family are organized into degenerate 87 bp tandem repeats (TRs). This family was described in detail [20] . The MUC5A and SC families are less known because of the numerous difficulties encountered during subcloning and sequencing [21, 22] . The MUC5C family is organized into 24 bp TRs which are not strictly identical to each other and yet the amino acid consensus sequence TTSTTSAP has been deduced.
In order to complete the structural characterization of these last two families, we have determined here the complete sequence of the following Agtl 1 cDNA clones: JER47 (1.4 kb, MUC5A family), JER 58 (0.8 kb, MUC5C family) and JER62 (0.2 kb, MUC5A family). The JER 47 probe allowed us to obtain JUL32, a novel MUC5A family clone, from a AgtlO human tracheobronchial mucosa cDNA library. The JER58 probe was used to select MAR2 (0.3 kb), MAR10 (0.2 kb) and MAR11 (0.3 kb), three MUC5C family clones, by screening a AgtlO human antrum mucosa cDNA library.
JER58, a tracheobronchial mucin cDNA (837 bp) consists of a 24 bp TR domain repeated 34 times; the deduced amino acid sequence contains the consensus sequence TTSTTSAP previously found in some short MUC5C family clones ( Figure 1 ).
The three gastric mucin clones, MAR2, 10, 11 exhibit the same 24 bp repeats which characterize the MUC5C family.
MAR2 (290 bp) shows 100 % sequence similarity to the 3'-end of JER58, from base 580 to base 837. MAR10 (186 bp) and MARl 1 (298 bp) show considerable sequence similarity to JER58, 78.5 % and 98 % respectively.
Differences between these three gastric mucin clones and the tracheobronchial mucin clone JER58 appeared as point mutations distributed all along the nucleotide sequences. These point mutations could be due to the MAR and CEL clones coming from a different part of the TR sequence or to allelic differences between the clones.
JER47 (1431 bp) shows a particular internal organization involving two kinds of nucleotide sequences. Two non-repetitive domains are located at the 5'-end (base 49-base 438) and at the 213 3'-end (base 943-base 1332) of the clone. These two domains are almost the same (390 bp) except for five point mutations which lead to four modifications in the deduced amino acid sequence:
(Leu24-+Pro322; Glu74-+Lys372; Arg92-+His390; Pro'32-+Ser430) ( Figure 2 ).
They encode a cysteine-rich domain (ten cysteine residues per 130 amino acids). These two cysteine-rich domains surround a 24 bp TR domain in which the repeat (encoding the consensus sequence TTSTTSAP) is found 21 times. The first 48 bps of the clone show two complete 24 bp TRs which are similar to the two last TRs found in the central TR domain, apart from one point mutation (11e9-+Val307). Therefore this organization demonstrates alternation of non-repetitive cysteine-rich domains and of threonine/serine-rich TR domains (Figure 2) .
In this clone, the TR3A peptide sequenced by Rose et al. [23] from human tracheobronchial mucin glycopeptides (Figure 2 ) was found twice. Moreover, the TR3B tracheobronchial mucin peptide was also found once (in the second domain a point mutation occurred: Glu74 -+Lys372).
JER62 (180 bp) is quite similar to a fragment of JER47 (from base 309 to base 489) corresponding to the end of the first cysteine-rich domain and to the beginning of the following TR domain. Only one point mutation is observed: Lys'55
JUL32 (341 bp) also consists of three domains. The first, at the 5'-end, encodes a cysteine-rich domain (12.1 % of total amino acids) which shows 61 % sequence similarity to the first cysteinerich domain of JER47. A striking observation is the relative positions of the cysteine residues that are perfectly conserved. Following this domain, a non-repetitive but threonine/serinerich domain is found. And finally, at the 3'-end a sequence encoding the beginning of a second cysteine-rich domain is found. It shows 81 % sequence similarity to the second cysteinerich domain of JER47. In this case, the relative positions of cysteines are also the same (Figure 2) .
In order to verify that the complex repetitive organization observed in the MUC5A family of clones was not due to cloning artefacts, PCR analyses were performed (Figure 3a and 3b). Reverse transcription (RT)-PCR was carried out using the NAU48 and NAU49 oligonucleotides (chosen from the JER47 nucleotide sequence) as primers and several RNA preparations from human antrum, trachea and colonic mucosae as templates. Amplification was also carried out using the same primers and human genomic DNA as template.
In all cases, the same amplification products were observed: a major small band around 200 bp in length and a minor large band around 1000 bp in length. The size of these two bands was in perfect agreement with the expected fragments deduced from the nucleotide sequence of JER47, 192 bp and 1086 bp respectively (Figure 3a) . RT-PCR products were blotted onto a nylon membrane and hybridized to the JER47 probe (Figure 3b) 
Southern-blot analysis, chromosome localization and in situ hybridization
Human genomic DNA from the lymphocytes of two healthy volunteers was digested with EcoRI, XbaI, HindlIl, BamHI or PstI. In Figure 4 , hybridization with the JER58 probe is seen.
However, regardless of which probe was used, JER47 (MUC5A), JER58 To complete this sequence similarity search, we also analysed the nucleotide sequence corresponding to the consensus peptide sequence above (Figure 7 ). This consensus nucleotide sequence was also found in the JER57 clone from the MUC5B gene from base 1 to base 172 (sequences are detailed in [20] ). However, in this case, a point deletion is seen before the triplet number 5 encoding cysteine ( Figure 8 ) and a second one is seen just before triplet number 10. This cDNA is characterized by degenerate TRs exhibiting a variable length [20] . This creates successive reading frame shifts which completely destroy the tandemly repetitive organization of the peptide. This original feature is responsible for the loss of the cysteine-rich consensus sequence.
DISCUSSION
The results presented in this paper contribute to a better characterization of the mucin genes mapped to I p1 5. Figure 6 Consensus cysteine-rich sequence A 130 amino acid subdomain involving ten invariant cysteine residues is found twice in MUC2 and several times in MUC5AC. Numerous similarities are seen by comparing the sequences. TGT CAT CTC CGG TGC ACC TGG ACC AAG TGG TTT GAC GTA GAC TTC CCA TCC CCT GGA CCC CAC GGC GGG GAC AAG GAA ACC TAC   JER47 2   TGT CAT CCC CGG TGC ACC TGG ACC AAA TGG TTT GAT GTG GAC TTT CCA TCC CCT GGA CCC CAC GGT GGG GAC AAG GAA ACC TAC   JUL32 1  JUL32 2   TGT CAT CCC CGG TGC ACC TGG ACA AAG TGG TTC GAC GTG GAC TTC CCG TCC CCC GGA CCC CAT GGT   JER5C7  MUC2 1  TGC -TGC CTC TGG TCT GAC TGG ATC AAT GAG GAC CAC CCC AGC AGT GGC AGC GAC GAC GGT GAC CGA GAA CCA TTT  MUC2 2  TGC GTG CCT CTC TGC AAT TGG ACT GGC TGG CTG GAT TCT GGA AAA CCC AAC TTT CAC AAA CCA GGT GGA GAC ACA GAA TTG PFGE analysis of large DNA fragments is a powerful tool to identify CpG islands which are frequently found in the promoter regions of genes and constitute valuable markers to locate genes [26] [27] [28] . Strategies including the choice of rare cutting enzymes specific for cleavage into clusters of CG dinucleotides, comparison of the size of fragments generated by single or double digestions, the use of partially digested DNA for constructing the map, the use of isoschizomer enzymes sensitive or not to DNA methylation, have been well described [29] [30] [31] [32] [33] [34] . Using these strategies we have proved that MUC5A and MUC5C cDNAs are located behind the same CpG island. However, MUC5B cDNA, which is constantly seen on distinct fragments whatever the enzymes used, is separated from the other cDNAs by the presence of one, or several CpG islands, which demonstrates that MUC5B belongs to another gene.
Other convincing arguments are given by studies on tissue/cell expression of MUC5B, MUC5C and MUC2 RNAs [35] . In situ hybridization patterns observed with probes from the TRs of the corresponding cDNAs are absolutely different on the various human mucosae tested: the strongest signal given by MUC2 is seen on jejunum, ileum and colon, while it is seen on antrum and fundus for MUC5AC. In the case of MUC5B, the strongest signal is limited to bronchus glands.
All these arguments suggest that distinct promoters do exist, of such cysteine-rich peptides into glycosylated domains of airway mucins is ascertained by the previous work of Rose et al. [23] . Starting from airway mucins purified in the presence of reducing agents, and on which thiol residues were radiolabelled, these authors obtained a glycosylated fraction (TR-1) containing a high level of radioactivity. Intense papain-pronase digestion of this fraction cleaved some 'naked' domains (TR 3A, 3B, 3C, 3D fractions). Sequences of three of these peptides TR 3A, 3B and 3C are presently found again in JER47, 62 and JUL32 clones. So, the model proposed for airway mucins by Rose et al. [23] in which a large glycosylated domain might contain some cysteinerich poorly glycosylated subdomains is verified, at least for MUC5AC peptide mucin. On the other hand, the TR-3D peptide which exhibited a strong similarity to the sgs-7 glue polypeptide of Drosophila melanogaster [37] was not found in our MUC5AC clones.
A similar cysteine-rich domain as found several times in MUC5AC protein was also found twice in the central part of the MUC2 protein. In the latter protein, this cysteine-rich domain may be considered as an interlinking domain, located between the D-domain 3 and the TSP-rich repetitive domain in the case of the first domain and between the TSP-rich repetitive domains and the TR domain in the case of the second one. The presence of a consensus cysteine-rich domain occurring in MUC2 and MUC5AC proteins suggests that Ip 1 5 mucin genes at least have a common organization involving at least a TR domain and several cysteine-rich subdomains. Nothing has been published regarding the unique sequences of MUC3 or MUC4, but nevertheless this typical organization may be a feature of human mucin genes in general; they have probably derived from a common ancestral gene by successive duplications. A possible scheme for the evolution process was previously described by Gum [36] . This evolutionary model predicts that repeats evolve very quickly, while unique sequences are well conserved. This consensus cysteine-rich sequence found in MUC2 and MUC5AC proteins reinforces this hypothesis. The fact that the same consensus nucleotide sequence was also found in the MUC5B gene but not in the corresponding peptide sequence does not refute this hypothesis. In fact, the peptide organization of the MUC5B gene is very degenerate, when compared with other mucin genes. It is the only mucin gene among animal or human mucin genes to exhibit variable length of nucleotide repeat subunits in the TR domain. So it is quite conceivable that, in this gene, because ofdegeneracy oforganization, some ofthe cysteinerich domains have disappeared. Nevertheless, JER57 is only a partial cDNA clone; the sequencing of three genomic clones containing the whole large size TR domain has not been completed and consequently some cysteine-rich domains might still be found on both sides of this domain.
von Willebrand factor (vWF) is a secreted protein containing four types of repeated domains (A-D) present in 2-5 copies each. The peptide sequence of vWF is remarkable for the clustering of cysteine residues in N-terminal and C-terminal regions. Cysteinerich C-and D-like domains were found in some extracellular proteins, particularly in mucins [38] . The cysteine-rich mucin domain described here was not found in the cysteine-rich domains of the vWF [39] . However, it is conceivable that MUC5AC nucleotide sequences which have not yet been isolated might also [40] and in connective tissue growth factor [41] . As far as the C-terminal part of MUC5AC peptide is concerned, we have previously determined the nucleotide sequence of the JER51 clone [10] , the sequence of which is shown in Figure  9 . On this sequence, a TR domain (24 bp) is interrupted by a stop codon, eight other stop codons are present and finally a poly-A tail represents the 3'-end. The corresponding C-terminal end of MUC5AC peptide seems to render it different from those previously described for MUC2 or for animal mucins [40] [41] [42] [43] [44] . For these mucins, the C-terminal end is a cysteine-rich consensus domain characterized by eight invariant cysteine residues as well as other conserved amino acids. This C-terminal domain is also found at the C-termini of functionally and structurally diverse secreted proteins like Drosophila slit protein [45] , Norrie disease protein [46] , vWF [46] and a family of growth regulators [47] . In the case of mucins, the existence of a broad smear seen in Northern blots remains unclear. So it is imaginable that several distinct C-termini might exist. In the case of MUC5AC, the JER51 clone would represent only one of these potential termini.
In conclusion, it appears that mucins could be modular proteins composed of defined domains involved in a network of interactions. Precise analysis of deduced amino acid sequences from the different mucin genes will allow a precise relation between each gene and the numerous properties attributed to mucins to be established in the future.
While our manuscript was under revision, a paper from Meerzaman et al. was published [48] in which conserved cysteines were also observed in several mucin cDNAs.
